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The three-step Forster resonance energy transfer (FRET) within the cascade of four dyes, including the classical amyloid marker
Thioflavin T as a primary donor, two jumper dyes, benzanthrone ABM and squaraine SQ4, and terminal acceptor SQ1, was tested as
a possible tool for detection and characterization of insulin amyloid fibrils. The results obtained confirm the occurrence of highly
efficient multistep FRET (msFRET) in the chromophore ensemble in the presence of insulin fibrils formed at elevated temperature
under pH 2 (InsF1) or pH 7.4, 0.15 M NaCl (InsF2), while negligible FRET efficiencies were obtained for the control unfibrillized
protein, suggesting the specificity of msFRET to cross-f-sheet architecture characteristic of amyloid fibrils. Specifically, the
efficiencies of FRET for the donor-acceptor pairs ThT-ABM, ABM-SQ4 and SQ4-SQ1 at maximum acceptor concentrations (~0.4
uM — 1.6 uM) were estimated to be 86%/94%, 48%/34% and 66%/32%, respectively, in the presence of InsF1/InsF2. The most
significant differences between InsF1/InsF2 and the control protein were observed for the donor-acceptor pair ThT-ABM, suggesting
that ABM is the key mediator in the whole process of msFRET. Assuming the isotropic rotation of the fluorophores, the average
donor-acceptor distances were estimated in the presence of InsF1, yielding the values 1.3 nm, 5.3 nm, and 3.9 nm for the ThT-ABM,
ABM-SQ4 and SQ4-SQ1 pairs, respectively. The obtained distances are indicative of different fibril binding sites for the
chromophores in the insulin fibrils, although due to their high specificity to the fibrillar structure, the dyes are most likely to localize
in the surface grooves of B-sheets running along the main axis of amyloid fibril. Remarkably, the differences in the insulin amyloid
morphology can be clearly distinguished using msFRET. As evidenced from TEM, InsF2 were thinner, shorter and contained
amorphous aggregates, as compared to InsF1. Thus, different amyloid formation pathways under neutral and acidic pH resulted in the
changes in the dye affinity for to the fibril binding sites, and, as a consequence, in the distinct msFRET efficiencies, especially for the
pair SQ4-SQ1. The ability of ThT to serve as an efficient amplifier for the two near-infrared dyes, SQ4 and SQI, with the
benzanthrone fluorophore ABM as a jumper dye, allows detection of fibrillar insulin in the optical window of the biological samples,
with the Stokes shift of the four-chromophore being ca. 240 nm. The proposed msFRET-based approach can be employed not only
for insulin amyloid detection but also for distinguishing between different amyloid fibril morphologies and gaining further insights
into the mechanisms involved in the development of the injection-localized insulin amyloidosis.
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Forster resonance energy transfer (FRET) is known as a physical process by which an excited state fluorophore
(donor) non-radiatively transfers energy to another fluorophore via distance-dependent long-range dipole-dipole
interactions [1]. Due to this feature, FRET technique has proven to be highly informative in the structural
characterization of a wide variety of biological macromolecules and their assemblies [1-4]. The efficiency of FRET
depends on the distance between the chromophores employed as energy donor and acceptor, orientation of the donor
and acceptor transition dipoles, and the donor quantum yield [1,5]. Numerous studies indicate that the maximum FRET
efficiency can be achieved via multiple interacting FRET pathways rather than independent channels, by which the
energy travels from an initial donor chromophore through the intermediate donors/acceptors onto a final acceptor
chromophore [6,7]. Therefore, during the past decades the multistep FRET (msFRET), manifesting itself in the energy
transfer within multiple chromophore systems through cascade route, attracts increasing attention [8,9]. To exemplify,
the msFRET was applied for protein labeling [10], simultaneous enzyme detection in multicomponent biological
samples [9], genotyping of single nucleotide polymorphism [11], DNA sequencing [12], estimating the stoichiometry of
protein complexes [13], determination of the tumor necrosis factor [14] and analysis of multiprotein interactions in
living cells [15], screening of multiple enzyme inhibitors [7], developing the light harvesting systems and molecular
photonic wires [6,7,16,17]. The vast majority of the above implementations of msFRET are based on the application of
DNA as a framework for arraying multiple fluorophores at precise positions and controlling the inter-chromophore
distances in such a way that the energy transfer occurs on the nanoscale [6,7,11,12,17].

Recently we have found that amyloid fibrils can also serve as a molecular scaffold for controlled positioning of a
multitude of chromophores communicating via the two-step FRET [18,19]. Moreover, we have demonstrated that the
technique based on the msFRET can be effectively used for the identification and characterization of insulin amyloid
fibrils along with classical Thioflavin T (ThT) assay, thus allowing the increase of amyloid detection sensitivity [19,20].

© Uliana Tarabara, Kateryna Vus, Mykhailo Shchuka, Elena Kirilova, Georgiy Kirilov, Olga Zhytniakivska,
Valeriya Trusova, Galyna Gorbenko, Todor Deligeorgiev, 2020


https://orcid.org/0000-0002-7677-0779
https://orcid.org/0000-0003-4738-4016
https://orcid.org/0000-0002-9577-5612
https://orcid.org/0000-0001-9554-0090
https://orcid.org/0000-0002-7087-071X
https://orcid.org/0000-0002-0954-5053
https://doi.org/10.26565/2312-4334-2020-1-09

104
EEJP. 1 (2020) Uliana Tarabara, Kateryna Vus, et al.

For further investigation of the ability of amyloid fibrils to act as a molecular framework for arraying multiple
fluorophores, herein we directed our efforts to the identification of a set of fluorophores capable of reinforcing the
amyloid-sensing potential of the classical amyloid marker ThT. More specifically, the aim of the present study was to
examine the applicability of the chromophore system, containing Thioflavin T, benzanthrone dye ABM, and two
squaraine compounds, SQ1 and SQ4, to detecting and characterizing the insulin amyloid fibrils of different
morphology.

EXPERIMENTAL SECTION
Materials
Bovine insulin, dimethyl sulfoxide (DMSO), Tris, Thioflavin T (ThT) were purchased from Sigma. Benzanthrone
dye ABM [21], and squaraine dyes, SQ1, SQ4 [19], were synthesized in the Daugavpils University and University of
Sofia, respectively. All other reagents were used without further purification.

Preparation of working solutions

The insulin stock solutions 10 mg/ml (InsF1) or 0.3 mg/ml (InsF2) were prepared in 10 mM glycine buffer (pH
2.0) or in 10 mM Tris-HCI buffer (0.15 M NaCl), respectively. The reaction of the protein (stock solutions)
fibrillization was conducted at 37 °C for 5 days (InsF2) and for 10 hours, followed by incubation at 55 °C for 8 hours
(InsF2) under constant agitation on the orbital shaker (108 and 143 r.p.m. for InsF1 and InsF2, respectively). The
kinetics of amyloid formation was monitored using the Thioflavin T assay [22], revealing the dye fluorescence intensity
increase at 480 nm ca. 142 and 591 times for InsF1 and InsF2, respectively (data not shown). Hereafter, the fibrillar
protein and its non-fibrillized counterpart (the insulin solution in glycine or Tris-HCI buffers that was not subjected to
heating and agitation) are denoted as InsF1/InsF2 and InsN1, respectively, where indexes 1 and 2 correspond to glycine
and TRIS buffers, respectively.

The dyes stock solutions were prepared in DMSO (SQ1 and SQ4) and ethanol (ABM), while ThT was dissolved in
10 mM Tris buffer (pH 7.4). The fluorimetric measurements were carried out in 10 mM Tris-HCI buffer (pH 7.4).

Insulin fibril samples for transmission microscopy were contrasted by 1.5% (w/v) phosphotungstic acid, dried and
viewed with the EM-125 electron microscope (Selmi, Ukraine), as described previously [19].
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Fig. 1. Transmission electron microscopy photographs of the insulin amyloid fibrils prepared in 10 mM glycine buffer (pH 2) (A) 10
mM Tris-HCI buffer (0.15 M NaCl, pH 7.4) (B).

Spectroscopic measurements

The absorption spectra of the examined dyes were recorded with the spectrophotometer Shimadzu UV-2600
(Japan) at 25 °C. The dye concentrations were determined spectrophotometrically using the extinction coefficients
el =9.3.10° M'em!, £24%° =2.3.10° Mlem™, &2 =4.21-10°M'em™ and g% =3.6-10° M'em for ABM,
SQ1, SQ4 and ThT, respectively. Steady-state fluorescence spectra were recorded with RF-6000 spectrofluorimeter
(Shimadzu, Japan). Fluorescence measurements were performed at 25 °C using 10 mm pathlength quartz cuvettes.
Fluorescence spectra were recorded within the range 460—800 nm with the excitation wavelength 440 nm. The
excitation and emission slit widths were set at 10 nm.

The efficiency of energy transfer was determined from the quenching of the donor fluorescence in the presence of
acceptor using the theory described in our previous paper [19]. Briefly, the following formulas were used [1]:

go1-los (1)
ID
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where 7, and ], , are fluorescence intensities of the free donor and in presence of the acceptor, respectively. The donor

fluorescence recorded upon addition of the acceptor was corrected for inner filter effect [19]. The Forster radius was
calculated using the Mathcad 15.0 software and the equations:

R,=979(kn*0, )" J = TFD (e (A)AdA/ T F,(1)dA @)
0 0

where J is the overlap integral; F,(2) is the donor fluorescence intensity, e, (1) is the acceptor molar absorbance

at the wavelength A , n, 1s the refractive index of the medium; @, is the donor quantum yield; K’ is the orientation

factor [19]. Finally, quantum yield of the dyes was estimated from the equation:

(1-10")8,n,’

Q=0 o ysn
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where O is the quantum yield of the standard, 4, and A are the absorbances at the donor excitation wavelength, S,

and S are the areas under the fluorescence curve, n, and n_ are the refractive indexes of the solutions in which

fluorescence spectra of the donor and standard are measured, respectively.

RESULTS AND DISCUSSION

The three-step sequential FRET was observed in the system of four dyes including the ThT (donor), ABM (the
main mediator), squaraine dyes SQ4 (acceptor for ABM) and SQI (acceptor for SQ4) in the presence of fibrillar insulin
and control unfibrillized protein (Fig. 2). A sequential chromophore addition to InsF1 and to the control unfibrillized
protein, starting from the terminal acceptor (SQ1) and ending by the primary donor (ThT), resulted in the following
SQ1 fluorescence intensity increases at 680 nm: SQ1+SQ4 (~2), +ABM (~20), +ThT (~100) for InsF1 and SQ1+SQ4
(~1.2), +ABM (~14), +ThT (~15) for the control protein (Fig. 3A,B). Notably, increase in the fluorescence intensity of
the terminal acceptor SQ1 (~100 for InsF1) in the presence of ABM in the four-chromophore system was higher than
that in the case of 4-dimethylaminochalcone (DMC) [19], suggesting that the examined benzanthrone dye is better
enhancer of SQ1 fluorescence in the msFRET occurring in the insulin amyloid fibrils. As illustrated in Fig. 3C, titration
of the fibril-bound ThT with ABM is accompanied by the decrease in ThT fluorescence intensity at 480 nm, allowing
the calculation of FRET efficiency. The sample containing InsF1, ThT and ABM was then titrated with SQ4, followed
by the titration with SQ1 (data not shown), and FRET efficiencies within the pairs ABM-SQ4 and SQ4-SQ1 were
determined. Similar approach was employed to determine the msFRET efficiencies for the donor-acceptor pairs bound

to InsF2.
@ I @ 11 @ 111

Fig. 2. Scheme of a three-step sequential energy transfer between 4 chromophores.

Interestingly, addition the dyes in the following order: SQ1, SQ4, ABM (0.3 uM), ABM (1.6 uM) to the InsF2-
ThT system, resulted in the increase of SQI1 fluorescence at 680 nm by ~4, ~8, ~18, ~75 times, respectively (Fig. 3D).
These data indicate that ABM acts as a jumper dye in the FRET between ThT and SQ4, since the squaraine
fluorescence intensity increases with increasing the ABM concentration (Fig. 3D). Furthermore, final increase in SQ1
fluorescence at 680 nm was about 100 (18) times for InsF1 (InsF2) at the SQ1, SQ4 and ABM concentrations, 0.46,
0.25, and 0.3 uM, respectively. The differences observed between InsF1 and InsF2 suggest the sensitivity of msFRET
to amyloid fibril morphology (Fig.3A,D). The donor quantum yields ( Q, ) presented in Table 1 were calculated using

eq. (3). Notably, the ThT quantum yield was increased two orders of magnitude upon the dye binding to fibrillar insulin,
that is in a good agreement with our previous data [19].

The FRET efficiencies () evaluated for the donor-acceptor pairs ThT-ABM, ABM-SQ4 and SQ4-SQ1 at the
maximum acceptor concentrations (InsF1: 0.8 pM, 0.4 uM and 1.2 uM; InsF2: 1.6, 0.3 and 0.4 uM for ABM, SQ4 and
SQ1, respectively) are given in Table 2. Similar to our previous study with DMC [19], the energy transfer efficiencies
for all donor-acceptor pairs in the cascade were higher in the presence of fibrillar insulin, as compared to the control
unfibrillized protein, suggesting the specificity of msFRET for amyloid state of polypeptide chain.
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Fig. 3. Changes in the emission spectra of the squaraines (SQ1 and SQ4) upon addition of donors (ThT and ABM) in
the presence of the fibrillar insulin InsF1 (A) and control protein (B). Fluorescence spectra of fibril-bound ThT upon
titration with the main mediator ABM (C) or SQ1, SQ4, ABM (D). The protein and ThT concentrations were 5.6 and
3.6 uM (A-C), 1.8 and 0.16 uM (D), respectively. SQ1 and SQ4 concentrations were 0.46 and 0.25 uM, respectively.
ABM concentration was 0.3 uM (A,B), and was varied from 0.2 to 0.8 uM (C) and from 0.3 to 1.6 uM (D). The
samples were incubated for 3—16 minutes after addition of each aliquot of the dye stock solutions to the InsF2-ThT
mixture (D).

Notably, the benzanthrone dye ABM is the key mediator in a whole msFRET process, because the energy transfer
efficiency for the pair ThT-ABM was the highest (Table 2). ABM appeared to be a better mediator than DMC, because
only ~ 60 % FRET efficiency was observed for ThT-DMC pair in the presence of insulin amyloid fibrils [19].

Notably, FRET efficiency for the pair Q4-SQ1 was 2-fold lower in InsF2, as compared to that in InsF1 (Table 2).
Furthermore, only 4% FRET efficiency was observed for this donor-acceptor pair immediately after the addition of SQ1
to the ThT-ABM-SQ4-InsF2 system, and it reached the value of 32% only after 19 hours of sample incubation at room
temperature (Table 2), probably because of steric restrictions for the binding of bulky SQ1 molecule to InsF2. The
distinct FRET efficiencies in the ensemble of four dyes in the presence of InsF1 and InsF2 can be explained by
variations in fibril morphology resulting from different pH, concentration, and ionic strengths [26]. As seen in Fig. 1A,
the mature fibrils of 1.0+0.2 um in length and 30+£6 nm in diameter were formed under acidic pH in the absence of
NaCl [27]. Instead, shorter (0.9+0.7 pum), thinner (24+6 nm) and blurred aggregates were observed upon insulin
incubation at physiological pH (7.4) and ionic strength 150 mM (Fig. 1B). In fact, InsF2 fibrils seem to be immature,
e.g., broken fibrils or protofilaments, resulting in the different appearance of InsF1 and InsF2 structures (Fig. 1) [28].
Thus, a more pronounced loss of insulin tertiary structure induced by acidic pH provides fast and complete maturation
(InsF1, Fig. 1A), while some amount of amorphous aggregates are formed at pH 7.4 presumably due to screening of the
electrostatic repulsion between the protein molecules (InsF2, data not shown). The latter is in good agreement with the
results of Yoshihara and co-workers, who reported common amyloid structural properties of insulin fibrils formed at pH
1.6, 0.1 M NaCl, such as high beta-sheet content and exposed C-terminal and N-terminal parts of the B-chain [28]. In
turn, the aggregates prepared at pH 7.4, 0.14 M NaCl were featured by the presence of unordered structures and
exposed only the C- terminal part of the B-chain. Remarkably, both electrostatic and hydrophobic intermolecular
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interactions govern insulin amyloid fibril assembly, and thus, at low pH insulin molecules exist as monomers, which
may form amyloid nuclei.

Table 1
Donor quantum yields in the presence of fibrillar insulin (InsF1)
Donor 0, Standard
ThT 0.011 ThT in buffer (Q=10*) [23]
ABM 0.10 DSP-6 in ethanol (Qs=0.05) [24]
SQ4 0.039 Nile Blue in water (Qs=0.01) [25]

In turn, both pH 7.4 and 0.15 M NacCl reduce electrostatic repulsion, enabling amorphous aggregates formation, and,
furthermore, it is the insulin dimer, which most likely forms amyloid nuclei in this case [26, 28]. Notably, addition of
NaCl resulted in decrease in the lag time of insulin growth at pH 1.6 [26]. Next, 15-times greater lag time and 12-fold
slower insulin fibril growth rate were observed in 0.1 M NaCl at pH 7.4, as compared to the corresponding values at pH
1.6, 0.1 M NaCl [26]. Furthermore, insulin amyloid aggregates were not formed at pH 7.4 without stirring, suggesting a
slower nucleation than at pH 1.6 (presumably due to slow structural transformations of the insulin dimer).

Table 2
FRET efficiencies in the system containing ThT, ABM, SQ4, SQI, fibrillar (InsF1/InsF2) or control (InsN1) insulin at
the maximum acceptor concentration

Donor-acceptor pair Epsri, % Epsn, Yo Epsr2, %
ThT-ABM 86 12 94
ABM-SQ4 48 25 34

SQ4-SQ1 66 4 32

It should also be emphasized that ThT affinity for insulin amyloid fibrils formed at pH 1.6 was about 2-3 times
smaller than for the protein aggregates prepared at pH 7.5, although the binding stoichiometry in both cases was
reported to be ~0.1 [29]. This fact may result in about 4-fold greater fluorescence increase of ThT in the presence of
InsF2, as compared to that in InsF1 (591 and 142 for InsF2 and InsF1, respectively), and, as a consequence, to different
FRET efficiencies (Table 2). Interestingly, a very high FRET efficiency was recorded in InsF2 for the ThT-ABM pair,
although its value for the pair SQ4-SQ1 was close to that for the control unfibrillized insulin, suggesting low affinity of
SQ1 for insulin fibrils prepared at pH 7.4. The observed effect can be explained by the low accessibility of the InsF2
binding sites for SQ1 whose molecule is the longest among the four employed chromophores (SQ1 length is ~2.1 nm
[19]). Thus, the InsF1 and InsF2 species can be clearly distinguished using msFRET within the above four-
chromophore cascade, specifically, through estimating the FRET efficiency for the SQ4-SQ1 donor-acceptor pair.
Furthermore, two types of binding sites were observed for ThT in the insulin fibrils formed at pH 7.4 [29], presumably
accounting for a slightly greater FRET efficiency for the ThT-ABM pair in InsF2 as compared to that for InsF1 (Table
2). The above considerations indicate that the examined four-chromophore system can be employed not only for insulin
amyloid detection, but also for distinguishing between different amyloid fibril morphologies.

The overlap integral values (J) derived by numerical integration, the Forster radii and the donor-acceptor distances
(calculated using the FRET efficiency values at the maximum acceptor concentration, 0.8 uM, 0.4 uM and 1.2 uM for
ABM, SQ4 and SQ1, respectively) are presented in Table 3.

Table 3
FRET parameters obtained under assumption of isotropic rotation of the fluorophores in the presence of InsF1
System J, M'em 'nm* R, ,nm r, nm
ThT-ABM 2.12:10™ 1.8 1.3
ABM-SQ4 1.27-10'° 5.2 5.3
SQ4-SQ1 1.20-10'° 4.4 3.9

The pairs ABM-SQ4 and SQ4-SQ1 showed the greatest J values due to small shifts (~22 nm and ~14 nm,
respectively) between ABM(SQ4) fluorescence and SQ4(SQ1) absorption maxima, and high extinction coefficients of
SQ4(SQ1). The largest value of the Forster radius (Table 3) was obtained for the pair ABM-SQ4 due to the greatest
value of SQ4 extinction coefficient. The recovered distances are suggestive of the different binding sites for the
chromophores within fibril structure, although due to their high specificity to the fibrillar assemblies, the dyes are most
likely to localize in the surface grooves of the B-sheets running along the main fibril axis. Furthermore, the ABM and
DMC seem to reside in the different fibril grooves due to two-fold lower ThT-ABM distance (Table 3), as compared to
that for the pair ThT-DMC (~2.4 nm) [19]. As a consequence, ABM is localized further from SQ4, while the » value for
the DMC-SQ4 pair was 4.5 nm [19]. Notably, similar distances between SQ4 and SQ1 were obtained in the two studies,
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providing additional evidence for the similar morphology of insulin amyloid fibrils prepared under acidic pH and
elevated temperature [19].

CONCLUSIONS

In summary, cascade FRET within the four-chromophore system containing benzothiazole dye Thioflavin T
(primary donor, excited at 440 nm), benzanthrone dye ABM (main mediator), and the two novel squaraine dyes SQ4
and SQI (terminal acceptor possessing the emission maximum at 680 nm), was shown to be suitable for detection and
characterization of insulin amyloid fibrils prepared at pH 2 (InsF1) or at pH 7.4, 0.15 M NaCl (InsF2). The examined
energy transfer cascade produced a greater enhancement of SQ1 fluorescence in the presence of InsF1 compared to that
containing DMC instead of ABM [19]. Furthermore, ABM appeared to be the main mediator in a whole msFRET
process (occurring in the presence of InsF1/InsF2) due to the highest FRET efficiencies (86 %/94 %) observed for the
donor-acceptor pair ThT-ABM. Notably, a negligible msFRET occurred in the presence of control nonfibrillized
insulin, suggesting a high specificity of the chromophores to the fibrillar structures. Both, different enhancements of the
terminal donor fluorescence and distinct FRET efficiencies in the chain ThT-ABM—SQ4—SQl reflect different
morphology of the fibrillar species InsF1 and InsF2, suggesting the applicability of msFRET for distinguishing between
the various types of insulin aggregates. For instance, about 6-fold greater increase in ThT emission in the presence of
InsF2, as compared to that of InsF1, can be due to: i) the greater affinity of ThT for InsF2, and ii) the higher rigidity of
InsF2 binding sites for the dye. The estimated donor-acceptor distances for the pairs ThT-ABM, ABM-SQ4 and SQ4-
SQ1 in the presence of InsF1, assuming the isotropic rotation of the fluorophores, fall in range 1.3 nm — 5.3 nm,
suggesting that the dyes occupy different sites on the amyloid surface, most likely represented by the B-sheet grooves
running parallel to the main fibril axis. The obtained results can be useful for the development of sensitive fluorescence
techniques for amyloid fibril detection in vivo, based on the cascade FRET within the systems containing classical
amyloid marker Thioflavin T, a near-infrared fluorescent dye and effective enhancers of its fluorescence.
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KACKATHUM MEPEHOC EHEPTIi B AMIJIOITHUX ®IBPAJIAX THCYJIIHY, TOMMOBAHHAX TIO®JIABIHOM T,
BEH3AHTPOHOBHUM TA CKBAPATHOBUMHY BAPBHUKAMUA
V. Tapa6apa?, K. Byc?, M. Illyka?, O. Kipiiosa®, I'. Kipiiios®, O. Kurusikiscnka?, B. Tpycosa?,
I'. Top6enko?, T. lesireopries®
“Kagedpa meduunoi gizuxu ma 6iomeousnux HaHomexHoaozii,
Xapkiscorkuti nayionanvnutl ynigepcumem imeni B.H. Kapazina
M. Ceob00u 4, Xapxis, 61022, Vkpaina
b®axynomem ximii ma 2eozpaqpii, Jayeasnincoruii ynicepcumem, [ayzaeninc, LV5401, Jlameisa
“@akynomem ximii i papmayii, Coiticoxuui ynieepcumem, Cogis, 1164, boneapis

[IpoTecToBaHO MOXKJIMBICTh BUKOPUCTAHHS TPHOXETAITHOTO iHAyKTHBHO-pe3oHaHcHoro nepenocy exeprii (IPIIE) y cucremi 30HxiB,
10 BKJIIoYana KracnuHuid aminoigauii Mmapkep tiognasin T (ThT), Oensanrponosuii memiatop ABM Tta ckBapainosi 6apsauku SQ1,
SQ4, nmns nmeTekTyBaHHS Ta XapakTepu3amii aminoimHux ¢iOpwa iHcynmiHy. BusBieHO BHCOKI 3HAa4YeHHS €QEKTHBHOCTI
6aratoeranHoro IPIIE y nanomy ancam6ii xpoMogopiB 3a HasIBHOCTI aMiIoixHUX (GiOpHIT iHCYIIiHY, CHOPMOBAHUX IIPH i JBUIIEHUX
temneparypax ta pH 2 (InsF1) a6o pH 7.4, 0.15 M NaCl (InsF2), y Toit uwac sk nesmaunmii IPIIE cmocrepiramm y
HediOpui3oBaHOMY OiNKy (KOHTpOJIB), IO CBIAYUTH MPO CHEHUGIYHICTh 30HIIB Kackaxy 10 Kpoc-P-CKIam4aToi apXiTeKTypu
aminoigaux ¢i6pun. 3okpema, edextusHicts IPIIE mms noHopHo-aknentopuux map ThT-ABM, ABM-SQ4 ta SQ4-SQI 3a
MakcHMalbHOI KoHUeHTpauil akuenrtopa (~ 0.4 pM — 1.6 uM) cranoBuna 86%/94%, 48%/34% Tta 66%/8%, BiamosinHo, y
npucytHocTi InsF1/InsF2. Haii6inem cyrtreBi Biaminnocti mix InsF1/InsF2 ta koHTponbHHM OiKOM BHSBIECHO AJIsL JTOHOPHO-
akgentopaoi napu ThT-ABM, mio cBigunTs npo ximo4doBy poib ABM sk memiatopa y mporneci 6aratoeransoro IPIIE. Ilpu ominmi
BiJICTaHEW MiX JOHOPOM 1 akmenTopoMm y ¢iOpunsipHux arperatax InsF1, 3a ymoBHM i30TpomHOro oOepTaHHS 30HAIB OTPHUMaHi
3HaueHHs 1.3 vM, 5.3 M 1a 3.9 HM g map ThT-ABM, ABM-SQ4 ta SQ4-SQ1, Bigmosinno. Ili pe3ynsraT cBim4aTh Ipo pi3Hi
caliTi 3B’s13yBaHHS (GiOpWII OIS 30HIIB Kackamy, Xoda 3aB[SKH iX BHCOKill crenudidaocTi 10 GiOPMWIIpHUX CTPYKTYp, OapBHUKH
MaroTh OyTH JIOKQJIi30BaHi y MOBEPXHEBHX JKOJIOOKAX [-JHCTIB, IO MPOCTATAIOTHCS Y3I0BXK TOJIOBHOI oci aminoinHoi ¢ibpmmu. Coig
3ayBaXKUTH, IO PI3HUIE Y MOPGOorii aMinoinHux (GiOpus Moxke OyTH YITKO OXapaKTepH30BaHA 3a JOMOMOIOK 0araToeTarmHoOro
IPTIE. 30okpema, 3a JaHUMH €JIEKTPOHHOI MiKPOCKOIIii BUsBIICHO, 110 Gibpunu InsF2 Oynau Ginbll TOHKUMH, KOPOTKMMH Ta MICTHIH
amopHi arperatd, y nopiBusiaHi 3 InsF1. BoueBuns, pizni nusixu GpopmyBanHs aminoigaux GiOpus npu HEUTPaIbHOMY Ta KUCIOMY
3HaueHHsAX pH, mpusBenu A0 pi3HOI adiHHOCTI 30HAIB IO CaWTIB 3B’s3yBaHHSA (iOpmi, Ta, SK HACHIOOK, IO PI3HHX 3HAYEHBb
etpexrusrocTi [PIIE, ocobmuBo s mapu SQ4-SQ1. 3natnicte ThT cmyryBatu edextuBHUM miacmmoBadeM mig SQ4 ta SQ1, oo
(uryopecriroroTs y OIIbKHIN iHppadepBoHilt o0yacTi, IpH BUKOPHUCTaHHI GeH3aHTpOoHOBOTrO (hiryopodopy ABM y sixocti MeniaTopa
JIO3BOJIAE NETEKTyBaTH (IOpWIM IHCYJIiHY B ONTHYHOMY BiKHI OiOJIOTIYHHX 3pa3KiB 3aBISKH CTOKCOBOMY 3CYBY YOTHPBOX-
xpoModopHoi cuctemu Omu3pko 240 HM. 3ampomoHOBaHMN MiaXid, M0 Oa3yerhcs Ha OaratoeranHomy IPITE, wmoxHa
BHUKOPHUCTOBYBATH HE JIMILE JUIS ICTSKTyBaHHs aMitoiqHuX GiOpwi iHCyiHy, ane i 1 qudepeniiroBaHas Mopgoorii ¢iopuspHIx
arperatiB Ta BCTAaHOBJICHHS MEXaHi3MiB PO3BHUTKY iH’€KI[IHO-JIOKAIi30BaHOT0 iHCYIIHOBOTO aMisloino3y.

KJIOUYOBI CJIOBA: ABM, kackamHuii iHIyKTOBHO-PE30HAHCHHUII mepeHoc eHeprii, amiaoinHi ¢iOpuiau iHCYyIiHY, KBaHTOBHUI
Buxin, Tiodmain T.

KACKAJIHBI HIEPEHOC SHEPT A B AMUJIOHUIHBIX ®UBPULIIAX UHCYJIHUHA, TOIIMPOBAHHBIX
THODPJIABUHOM T, BEH3AHTPOHOBBIM U CKBAPAMHOBBIMH KPACUTEJISIMU
V. Tapa6apa?, K. Byc®, M. lllyka?, E. Kupusnosa®, I'. Kupuios®, O. Kurusakosckasn?, B. Tpycosa?,
I'. T'op6enko?, T. leaureoprues®
“Kagheopa meduyuncroi ¢usuxu u 6uoMeOUyUHCKUX HAHOMEXHOIO2UIL,
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[IporecTpoBaHO BO3MOXKHOCTH HMPUMEHEHHS TPEXITAHOI0 WHIYKTHBHO-pe30HAaHCHOro mepeHoca sHeprum (MPIID) B cucreme
30HJIOB, KOTOpas BKJIIOYajna Kiaccmdeckuil ammiaongueli Mapkep TtHotumaBuH T (ThT), GenzanrponoBeii memmatop ABM n
ckBapanHOBbIe Kpacutenu SQ1, SQ4, mis JeTeKTUPOBaHMS M XapaKTepU3alud aMWIOWAHBIX (GUOpHLT MHCyJMHA. OOHAapYXKeHO
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BBICOKHME 3HaueHHsa dd¢exrtuBHOCTH MHOrosranHoro MPIID B nmanHoM aHcambiie XpomMo(OpoB B HPUCYTCTBUM aMUJIOMHBIX
¢bubpwLT HHCYIUHA, COPMHUPOBAHHBIX MpHU MoBbIIeHHBIX TemnepaTypax u pH 2 (InsF1) wi pH 7.4, 0.15 M NaCl (InsF2), B o
BpeMmsi Kak HesHauutenbHblii VIPIID HaGmiomamu B HepuOpwIIM3npoBaHHOM Oenke (KOHTPOJb), YTO CBUJACTENBCTBYET O
cnenn(UIHOCTH 30HI0B KacKala K B-CKIaayaToil apXUTEKType aMHIOMAHBIX (Gudpmul. B wactHocTH, 3ddexktuBHOCTS UPIID mis
nonopHo-akuentopHeix nap ThT-ABM, ABM-SQ4 n SQ4-SQ1 npu makcuManbHOU KoHIeHTparun akienrtopa (~ 0.4 uM — 1.6 uM)
coctaBuna 86%/94%, 48%/34% n 66%/8%, coorBerctBeHHO, B mpucyrcTBuH InsF1/InsF2. Hamboxnee cymiecTBeHHBIE OTIMYMS
Mexay InsF1/InsF2 n xoHTponbHBIM GenxoM OOHapy»keHbI Ul JOHOpHO-akuentopHod mapsl ThT-ABM, 4ro cBUeTensCTBYeT O
xioueBoi posin ABM kak menuaropa B npouecce MHorostansoro MPIID. Ipu onenke paccTosHUI MeXTy TOHOPOM M aKLENTOPOM
B (uOpHUIApHBIX arperatax InsF1, mpu yciioBuM N30TPOITHOTO BpallleHUs 30HI0B NONy4YeHs! 3HaueHus 1.3 uM, 5.3 M u 3.9 M s
nap ThT-ABM, ABM-SQ4 u SQ4-SQI, cooTBeTCTBEHHO. DTH pe3yJIbTaThl CBUACTENBCTBYIOT O Pa3HBIX CaWTax CBSI3bIBAHUS
Gbubpui U1 30HAOB Kackaja, XOTs Oiaronaps MX BBICOKOW cHelMpUYHOCTH K (UOPHILIAPHBIM CTPYKTYpaM, KPaCHUTENH JOJKHBI
JIOKaJIM30BaThCA B TIOBEPXHOCTHBIX JKEJIOOKaX [-IHCTOB, KOTOPBIE MPOCTHPAIOTCS BAOJIb OCHOBHOW OCH aMIJIOWAHOHN (hHOPHILTHL.
CrnemyeT OTMETHTH, YTO pa3Nuuust B MOP(OIOTMH aMHIOMAHBIX (GUOPMIT MOXHO YEeTKO OXapaKTepH30BaTh IPH IOMOIIH
MHorosTanHoro MPIID. B wacTHOCTH, COTNIAaCHO AAHHBIM 3JIEKTPOHHOW MHKpockonud, ¢uOpmimisl InsF2 Opmmm Gonee ToHKMMU,
KOPOTKHMH U cojepkainu amopduble arperatsl, B omimune oT InsF1. OgeBumno, pasHble myTu (OpMHpPOBaHHS aMIJIOMIHBIX
arperaToB IPY HEWTPALHOM M KHCJIOM 3Ha4ueHusx pH, o0ycioBimBaoT pa3Hyto aQuHHOCTE 30H/I0B K caifTaM CBsI3bIBaHHS (UOPHILI,
U, CJIeJ0BATEIbHO, pa3Hble 3HaYeHUs ¢ dektuBHOCTH MHOrodtanHoro MPIID, ocobenHo mis mapsl SQ4-SQ1. Crocobnocts ThT
ciyxuth d¢dektuBHbM yemmuteneM it SQ4 u SQI, kotopeie ¢uyopecuupyior B OmmkHe# uH(pakpacHoi o0nactH, HpH
UCHOJIb30BaHUH OeH3aHTPOHOBOTO (uryopodopa ABM B kauecTBe Meamaropa, MO3BOJISIET ACTEKTUPOBATH aMHJIOU/HBIE arperarbl
HHCYIIMHA B ONTHYECKOM OKHE OMOJOTHYECKHX 00pa3loB Oiaromaps CTOKCOBOMY CIBHTY YETHIPEXXPOMOGOPHOH CHCTEMBI OKOJIO
240 um. IlpemmokeHHBIH TOXON, KOTOpHIA Oaszupyercs Ha MHorostamHoMm MPIID, MoXHO HCIONB30BaTh HE TOJNBKO LIS
JICTeKTUPOBAHMS aMIJIONAHBIX (UOPWILT MHCYNIMHA, HO W a1 quddepeHmpoBanus Mopdoaorun (GpUOPWIUIIPHEIX arperatoB n
BEISICHEHHSI MEXaHU3MOB Pa3BUTHS HHBEKI[HOHHO-JIOKAIH3HPOBAHHOTO HHCYJIMHOBOTO aMIJION/103a.
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